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ABSTRACT 

 

Performance degradation of structural steels in nuclear environments results from the 

development of a high number density of nanometer scale defects.  The defects observed 

in copper-based alloys are composed of vacancy clusters in the form of stacking fault 

tetrahedra and/or prismatic dislocation loops, which impede dislocation glide and are 

evidenced in macroscopic uniaxial stress-strain curves as increased yield strengths, 

decreased total strain to failure, decreased work hardening and the appearance of a 

distinct upper yield point above a critical defect concentration (neutron dose).  In this 

paper, we describe the development of an internal state variable model for the mechanical 

behavior of materials subject to these environments.  This model has been developed 

within an information-passing multiscale materials modeling framework, in which 

molecular dynamics simulations of dislocation � radiation defect interactions, inform the 

final coarse-grained continuum model.  The plasticity model includes mechanisms for 
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dislocation density growth and multiplication and for radiation defect density evolution 

with dislocation interaction.  The general behavior of the constitutive (single material 

point) model shows that as the defect density increases, the initial yield point increases 

and the initial strain hardening decreases.  The final coarse-grained model is implemented 

into a finite element framework and used to simulate the behavior of tensile specimens 

with varying levels of irradiation induced material damage.  The simulation results 

compare favorably with the experimentally observed mechanical properties of irradiated 

materials in terms of their increased strength, decreased hardening, and decreased 

ductility with increasing irradiation dose. 

 

 

 

1. Introduction 

 

Performance degradation of structural steels in nuclear environments may limit 

the extended operation of current generation light-water nuclear reactors and restrict the 

design of advanced fission and fusion reactors (Roberts 1981, Bloom 1998, Zinkle and 

Ghoniem 2000, Murty 2001, Odette and Lucas 2001).  While the qualitative features of 

microstructural evolution and mechanical property changes during neutron or high-

energy particle irradiation are well established in copper alloys (Seeger 1958, Blewitt et 

al 1960, Greenfield and Wilsdorf 1961, Makin and Sharp 1965, Sharp 1967, Howe 1974, 

Sharp 1974, Muncie et al 1985, Johnson and Hirsch 1981, English et al 1987, Satoh et al 

1988, Dai et al 1994, Singh et al 1995, Zinkle and Snead 1995, Singh et al 1997, 



Rowcliffe et al 1998, Jenkins et al 1999, Zinkle and Singh 2000, Daulton et al 2000, 

Victoria et al 2000, Singh et al 2001) and are generic to most metals, quantitative and 

predictive models of constitutive property changes, as well as a complete fundamental 

understanding of the underlying microstructure � property relationships, are lacking.  In 

this paper, we describe the first steps in the development of a physically-based plasticity 

model, established within a multiscale materials modeling framework, that accurately 

reproduces the observed stress-strain behavior of irradiated copper tested in uniaxial 

tension. 

Irradiation at low to intermediate temperatures (T <~ 0.5Tm) leads to an increase 

in yield and ultimate strength, a decrease in ductility (strain to fracture), a decrease in the 

work hardening rate, and at higher irradiation levels, the appearance of a well-defined 

yield point and subsequent yield drop (Seeger 1958, Blewitt 1960, Sharp 1967, Sharp 

1974, Howe 1974, Dai et al 1994, Singh et al 1995, Singh et al 1997, Rowcliffe et al 

1998, Victoria et al 2000, Singh et al 2001).  These observations are common in a wide 

range of materials; but in this paper, we will focus our attention on Cu, as a representative 

model face centered cubic (fcc) system with relatively low stacking fault energy.  It is 

now well established that this degradation of mechanical properties is the result of 

microstructural changes (Seeger 1958, Blewitt 1960, Makin and Sharp 1965, Sharp 1967, 

Sharp 1974, Howe 1974, Dai et al 1994, Singh et al 1995, Singh et al 1997, Rowcliffe et 

al 1998, Victoria et al 2000, Singh et al 2001). 

The microstructure of Cu following neutron or high-energy particle irradiation has 

been extensively characterized by transmission electron microscopy (Muncie et al 1985, 

Johnson and Hirsch 1981, English et al 1987, Satoh et al 1988, Singh et al. 1995, Zinkle 



and Snead 1995, Jenkins et al 1999, Zinkle and Singh 2000, Daulton et al 2000, Victoria 

et al 2000, Singh et al 2001) and generally consists of a high number density of 

nanometer-sized defects.  While the number density of specific types of defects observed 

in fcc metals depends on the properties and composition of a particular alloy system, the 

observed defects in copper are general to a wide range of fcc metals and alloys, as 

reviewed separately by Lucas and Maziasz et al for the case of austenitic stainless steels 

(Lucas 1993, Maziasz 1993).  In Cu, the dominant radiation produced defects are 

stacking fault tetrahedra (SFT), which are observed along with a lower number density of 

partially dissociated Frank loops (alternately called overlapping, truncated stacking fault 

tetrahedra, Wirth et al 2000), Frank and perfect dislocation loops, and a mixture of 

bubbles and voids that evolve at higher doses (Muncie et al 1985, Johnson and Hirsch 

1981, English et al 1987, Satoh et al 1988, Singh et al. 1995, Zinkle and Snead 1995, 

Jenkins et al 1999, Zinkle and Singh 2000, Daulton et al 2000, Victoria et al 2000, Singh 

et al 2001).  In austenitic stainless steels, the mix between Frank loops and SFT is often 

reversed, depending on alloy composition; and in some steels, various carbide, 

phosphide, nitride, and silicide precipitates may form during irradiation (Lucas 1993, 

Maziasz 1993).  In copper, the SFT number density increases linearly with increasing 

dose until reaching a saturation density of ~1024 m-3 (Singh et al 1997, Zinkle and Singh 

2000).  Over a wide temperature range, the mean SFT size observed in TEM studies is 

roughly constant at about 2.5 nm (Zinkle and Snead 1995, Zinkle and Singh 2000).  The 

observed defect distributions are largely homogeneous in as-irradiated microstructures 

(Zinkle and Snead 1995, Zinkle and Singh 2000, Victoria et al 2000).  However, small 

prismatic dislocation loops have been observed to decorate grown-in matrix dislocations 



in irradiated copper above temperatures of about 200°C (Satoh et al 1988), leading to the 

formation of dislocation rafts and an increased network dislocation density at higher dose 

(English et al 1987, Singh et al 1995).   

The uniaxial tensile behavior following neutron or high-energy proton irradiation 

is shown in Figure 1 for single crystal and polycrystalline copper, and for 316L austenitic 

stainless steels (Victoria et al 2000, Singh et al 2001 and Rowcliffe et al 1998).  The 

single crystal copper specimens (Fig.  1a) were irradiated with high-energy (600 MeV) 

protons at 305-315 K and tested at room temperature by Dai and co-workers (Dai et al 

1994, Victoria et al 2000).  The polycrystalline copper specimens (Fig.  1b) were neutron 

irradiated at 100°C in the DR-3 reactor at Riso and tested at 100°C by Singh and co-

workers (Singh et al 2001).  The stainless steel (Fig.  1c) was irradiated at temperatures 

between 60 and 400°C by Rowcliffe and co-workers (Rowcliffe et al 1998).  The 

resolved shear strength increases from about 10 to 105 MPa in the single crystal copper 

(Fig.  1a) with increasing dose, as the total shear strain to failure decreases from 1.4 to 

0.55.  Notably, a distinct yield point, along with a Luders-like plateau region develops for 

doses above 6x10-3 dpa [Dai et al 1994, Victoria et al 2000].  The yield strength of the 

OFHC polycrystalline copper increases (Fig.  1b) from about 25 to 275 MPa, while the 

strain to failure decreases from about 65% to 20%, with a distinct yield point observed 

for doses above 0.1 dpa (Singh et al 2001).  The 316 stainless steel (Fig.  1c) was 

irradiated to approximately 7 dpa at temperatures ranging from 60 to 400°C (Rowcliffe et 

al 1998).  At temperatures less than 400°C, distinct yield points are observed with yield 

strength increases in the range of 450 to 600 MPa.  The steel specimen irradiated at 

400°C does not exhibit a yield point, although a yield strength increase of ~350 MPa is 



observed.  Again, in all cases, the yield strength increases with increasing radiation dose, 

while the total strain to failure and the work hardening rate decrease.  Above a critical 

dose, a distinct yield point is observed in each material followed by a subsequent yield 

drop.  It is also important to note that in nearly every example in Figure 1, the flow stress 

at a given strain level is higher (offset) in the irradiated than in the unirradiated 

specimens. 

 

[Insert Fig. 1 about here]. 

 

TEM examination of the post-deformation microstructures in metals irradiated 

beyond a critical dose frequently reveals the existence of localized deformation in the 

form of �defect-free channels.� The channels, which appear free of irradiation induced 

defects, are generally on the order of 100 nm wide with a spacing of approximately 1 

micron (Greenfield and Wilsdorf 1961, Brimhall and Mastel 1966, Sharp 1967, Sharp 

1974, Howe 1974, Johnson and Hirsch 1980, Victoria et al 2000, Singh et al 2001, Zinkle 

2002, private communication).  First observed by Greenfield and Wilsdorf (1961), the 

appearance of channels and coarse slip steps at these length scales is now well established 

for a wide range of irradiated materials above a critical dose or defect density (Zinkle 

2002, private communication).  While a number of models have been proposed to 

describe the dislocation-defect interactions responsible for the removal of the irradiation 

defects within the channels and the sequence of events leading to channel formation; 

neither the dislocation - defect interactions, the channel evolution, nor the correlation 

between the channels and the observed tensile stress-strain behavior are well understood.   



The mechanical behavior of irradiated metals is regularly correlated to the 

observed microstructures using either a dispersed barrier hardening model (Seeger 1958, 

Odette and Frey 1979, Lucas 1993, Singh et al 1997) or the cascade induced source 

hardening model (Blewitt 1960, Singh et al 1997).  While both models predict some of 

the observed mechanical behavior, neither model is entirely consistent with experiments, 

nor describes the entire stress-strain (constitutive) behavior (Singh et al 1997, Robach et 

al 2003). 

The dispersed barrier hardening model is typically applied to correlate changes 

yield strength increases to the irradiation induced defect density of metals, assuming that 

the contributions of individual defects to the yield strength superimpose as a root sum 

square (Odette and Frey 1979, Kojima et al 1991, Lucas 1993).  Based on the Orowan 

model for the strength associated with a dispersed array of impenetrable obstacles, where 

the length between obstacles (pinning points), L, is given by L~1/ Nd , the dispersed 

barrier hardening model is modified to account for the weaker radiation obstacles based 

on an empirical hardening coefficient, ′ α , as: 

 

   ∆τ obs = αµb
L

cos(θ /2) =α 'µb Nd    (1) 

 

The model has been applied to a wide range of materials and irradiation conditions, and 

the empirical observations suggest that ′ α ~0.3 for dislocation loops, ~1 for voids and 

~0.2 for SFT (Odette and Frey 1979, Kojima et al 1991, Lucas 1993).  However, as 

pointed out by Singh and co-workers (1997), the model is generally only applied to 

predict or more appropriately, to correlate microstructural observations to yield strength 



increases and is believed to be unable to account for any of the post-yield deformation 

behavior, including the yield drop observed above a critical radiation dose. 

A cascade-induced source hardening model has been proposed by Singh and co-

workers (1997), based on the initial description by Blewitt (1960).  The model is based 

on the idea that the experimentally observed yield drop results from the unlocking of 

grown-in matrix dislocations decorated by self-interstitial dislocation loops.  These 

matrix dislocations serve as Frank-Read dislocation sources and, consequently, as the 

initiation sites of the defect free channels.  As discussed in Robach et al. (2003), the 

model does not provide a good description for a number of irradiated alloys, including 

ion-irradiated copper, that exhibit a post-yield drop in strength without any observed 

dislocation decoration.  Further, the cascade-induced source hardening model does not 

adequately describe the dose dependence of hardening (Singh et al 1997) and is incapable 

of describing the post-yield constitutive behavior following the yield drop. 

In this paper, we describe the development of a dislocation density-based 

constitutive model for the mechanical behavior of irradiated fcc metals, established 

within a multi-scale materials modeling framework that incorporates information from 

molecular dynamics simulations of dislocation � irradiation-induced defect interactions.  

Section 2 describes the constitutive model in detail.  In Section 3, the model predictions 

of the constitutive stress-strain behavior are demonstrated for single material points at the 

representative volume element level, and the model is used to simulate the behavior of 

the tensile specimens with different initial irradiation-induced defect densities.  Section 4 

discusses the significance of the results within the context of the mechanical properties of 



irradiated metals and plastic flow localization, and Section 5 presents the conclusions and 

outstanding issues.   

 

2. Constitutive Model Description 

 

This isotropic constitutive model for irradiated metals is based on the Dispersed 

Barrier Hardening (DBH) models that have been previously applied to correlate the 

change in the yield strength of irradiated metals (Seeger 1958, Odette and Frey 1979, 

Kojima et al 1991, Lucas 1993) and from concepts in dislocation density-based crystal 

plasticity models that have been used to capture the behavior of unirradiated fcc crystals 

(Cuitino et al 1992, Arsenlis and Parks 2002).  The resulting isotropic plasticity model 

assumes that the irradiation-induced defects act as shearable obstacles to mobile 

dislocation segments in the same manner as forest dislocation density.  The effective 

obstacle strength of the irradiation-induced defects is assumed to depend on their size 

only, and the total volume fraction of irradiation-induced defects is assumed to remain 

constant during the course of plastic deformation.  The plastic behavior of the irradiated 

metal is determined by the evolution of a set of internal state variables for the total 

dislocation density, the average dislocation line segment length, the total number density 

of irradiation-induced defects, and the average irradiation-induced defect size as well as 

the current stress state. 

 

2.1 Finite Deformation Kinematics 

 



The isotropic model employs the large deformation kinematics common in 

plasticity formulations in which the total deformation gradient, F , is multiplicatively 

decomposed into an elastic, eF , and plastic part, pF , with 

 

peFFF =  .     (2) 

 

The plastic deformation gradient evolves according to the flow rule 

 

ppp FLF =&  ,     (3) 

 

where pL  is the tensorial plastic flow rate.  The Cauchy stress, T , can be related to a 

second Piola-Kirchhoff stress, T , with respect to an intermediate, plastically-deformed 

and elastically-relaxed, configuration such that 

 

( ) T-e1-eedet TFFFT =  .   (4) 

 

An elastic strain measure, eE , corresponding to the Cauchy-Green strain tensor with the 

respect to the intermediate configuration is defined as 

 

( )2
eeT

2
1e IFFE −=      (5) 

 



where 2I  is the second order identity tensor.  The elastic strain and stress measures in the 

intermediate configuration are constitutively coupled through the fourth order elasticity 

tensor, L , by the expression 

 

[ ]eET L=       (6) 

 

 

2.2 Internal State Variable and Plastic Evolution 

 

The focus of the continuum model is to capture the effects of radiation damage on 

the mechanical behavior of polycrystalline metals.  For simplicity, we will ignore the 

effects of crystalline texture and material anisotropy and will concentrate our efforts on 

the plastic behavioral changes observed with varying degrees of irradiation damage.  The 

isotropy assumption enables the general three-dimensional problem to be simplified into 

a one-dimensional model in terms of effective stress and strain quantities.  The effective 

stress measure, σ , is defined as 

 

( )[ ] ( )[ ]TTTT trtr 3
1

3
1

2
3 : −−=σ  , (7) 

 

and is equivalent to the Von Mises stress in an intermediate, plastically-deformed and 

elastically-relaxed, material configuration.  Likewise, an effective plastic strain rate, pε& , 

along with the normality flow condition are introduced to simplify the constitutive 

definition of the tensorial plastic flow rate through the expression 



 

    pp
2
3p NL ε&=       (8) 

 

where pN  is the direction of plastic flow defined to be 

 

( )
σ

TT
N

tr3
1

p

2
3 −

=  .    (9) 

 

With these considerations, the general three-dimensional model is simplified into a lower 

dimensional theory governed by the effective quantities: σ  and pε& . 

 Since we are concerned with the behavior of polycrystalline metals at low 

homologous temperatures at which dislocation glide is the dominant mechanism of 

plastic deformation and the strain hardening (or softening) is controlled by the 

interactions of an evolving microstructure with the glissile dislocation density, a 

dislocation density-based state variable model will be implemented.  The complex and 

evolving dislocation structure will be represented by a scalar dislocation density measure, 

dρ , with units of length per unit volume and an average dislocation line length, dl .  No 

distinction will be made between mobile and immobile density, likewise no distinction 

will be made between the forest dislocation density and the glissile dislocation density.  

The scalar dislocation density and its average line length will evolve according to scaling 

laws based on more refined evolution equations developed for single crystals (Arsenlis 

and Tang, 2003).  The description of the dislocation density state could be made more 

complex to allow for differentiation between an immobile forest dislocation density and a 



mobile density responsible for the plastic deformation; however, such a distinction would 

significantly complicate the material model without substantially affecting the resultant 

stress-strain response. 

 As previously discussed, the microstructural changes that occur in fcc crystals 

subject to different irradiation conditions include the introduction of stacking fault 

tetrahedra, prismatic dislocation loops, nano-clusters of vacancies and interstitials, etc.  

Densities of the different irradiation-induced defects cannot be easily measured and are 

often not reported in the literature; therefore, for modeling purposes, it will be assumed 

that the densities of all of the various irradiation-induced defects increase proportionally 

to one another and that a single defect density will be sufficient to capture the magnitude 

of the total density.  The irradiation-induced defect density most often reported in 

experimental studies of irradiated micrsotructures in copper is the number density of 

staking fault tetrahedra per unit volume, sftN , along with their average size, sftd .  The 

irradiation-induced defects, represented though the SFT density, will be treated as 

shearable obstacles that impede dislocation motion and evolve during plastic deformation 

through a dislocation cutting mechanism.  This assumption is based on the results of 

molecular dynamics simulations of edge dislocation interaction with perfect SFT in Cu 

(Wirth et al 2002).  The evolution and interaction of the two defect densities, dislocation 

and SFT, is sufficient to reproduce the observed stress-strain behavior in a model setting. 

 In dislocation density-based crystal plasticity models, Orowan�s relation is used to 

relate the glide of dislocation densities across different slip planes to the tensorial plastic 

flow rate.  The description of the dislocation density state is much more coarse in this 

model; however, the tensorial plastic flow rate should scale in the same manner as the 



more refined formulations leading to the following expression for the effective plastic 

strain rate: 

 

dd vbρε =p&  ,     (10) 

 

where b is the magnitude of the Burgers vector, and dv  is the average dislocation glide 

velocity.  As dislocation lines glide, their length must increase to maintain the continuity 

of the dislocation line resulting in an increased dislocation density.  Density recovery 

through the statistical process of pair-wise annihilation occurs in tandem with the growth 

leading to the expression 

p

2
2 ερρ && 








−=

b
R

lb
c

d
d

d  ,   (11) 

 

for the dislocation density evolution, where cR is the critical capture radius of 

annihilation.  As the dislocation density evolves, the average line length of the density 

evolves simultaneously.  The average dislocation segment length may grow by the 

elongation of pre-existing segments in the volume, keeping the number density of 

segments in the volume constant, and it may decrease with the injection of nascent 

dislocation lines from Frank-Read sources, grain boundaries, incoherent defect interfaces, 

and other material defects.  An evolution expression for the average dislocation line 

segment length that takes these two competing mechanisms into account is given by 
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−= 3  ,    (12) 

 

where δ  is the dislocation line multiplication constant.   

 The formation of �defect-free� channels observed in in-situ TEM straining 

experiments suggests that the glide of dislocations also affects the irradiation-induced 

defect microstructure.  Robach et al. (2003) have shown that successive passes of 

dislocation lines in a region may cause the region to appear free of irradiation-induced 

defects.  They have also shown that a single dislocation passing across a defect does not 

necessarily result in defect absorption, but often the defect remains and acts as a pinning 

obstacle for the next dislocation that enters the region.  Only after multiple dislocation 

passes may the irradiation-induced defect be absorbed.   

Complete absorption of the defects is hard to confirm.  The constant offset in the 

stress-strain response at large strains of irradiated copper single crystals compared to 

unirradiated behavior, shown in Figure 1 (Rowcliffe et al 1998, Victoria et al 2000, Singh 

et al 2001) suggests that the irradiation induced defects may not be absorbed by the 

gliding dislocations.  Molecular dynamics simulations have shown that the irradiation-

induced defects are shearable obstacles (Wirth et al 2002).  It is possible that the �defect-

free� channels contain residual irradiation-induced defects whose size is below the 

resolution of the TEM; therefore, the only evolution of the irradiation-induced defect 

density included in this model is the effect of dislocation cutting.  As dislocations pass 

through a field of these obstacles, the defects are sheared by one Burgers vector for each 

dislocation passage.  Following the interaction with enough gliding dislocations, the 



original defect is sheared into two smaller defects.  The rate of defect multiplication by 

this mechanism becomes 

 

p
2
3 ε&&

sftsft NN =  .    (13) 

 

The assumption in this analysis that the defects only evolve through dislocation cutting 

requires that the volume fraction of irradiation-induced defects remain constant; 

therefore, the average size of the irradiation-induced defects must evolve according to the 

expression 

 

p
2
1 ε&&

sftsft dd −=  .    (14) 

 

 To close the set of equations of the model, a constitutive function for the average 

velocity of the dislocation density must be specified.  The function must depend on the 

current stress and the current material state, as represented by the selection of internal 

state variables in the model.  There is a substantial literature on both experimental and 

theoretical investigations of the mobility of dislocations as a function of stress, 

temperature, and microstructural state (Johnston and Gilman 1959,  Kocks et al 1975). 

The resultant constitutive forms from these various sources vary widely depending on the 

material and deformation conditions.  For simplicity, we will use a power law 

relationship of the form 
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βαρµ
σ  ,  (15) 

 

where ov  is a reference dislocation velocity, µ  is the shear modulus, α  is the dislocation 

forest obstacle strength, β  is the irradiation-induced defect obstacle strength, and m  is 

the strain rate sensitivity of the material.  In this constitutive function for the dislocation 

velocity, the material strength is composed only of dislocation density forest resistance 

and the irradiation-induced defect resistance, with both of these acting as pinning 

obstacles that must be cut by gliding dislocations.  Since the mechanism of resistance of 

the dislocation forest and the irradiation-induced defects is the same, their obstacle 

densities are linearly combined instead of linearly superposing their resistances.   

 The dislocation forest obstacle strength, α , has been shown to be a function of 

the type of dislocation junction that is formed between gliding dislocation line and the 

forest dislocation line (Wickham et al 1999). Since a single scalar density is used to 

represent the generally complex dislocation density state, α  will have a single constant 

value.  The irradiation-induced defect strength, β , is a function of the size of the defect.  

The exact functional form is unknown, but certain properties of the function are known.  

The strength of the defects must monotonically increase with their size.  It reaches a 

maximum value of unity for large defects, and as the defect size approaches zero, β  

reaches its minimum value of zero.  One such function that has these properties is the 

following 
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where refd  is a reference defect size, and n  is the strength sensitivity to the irradiation-

induced defect size.  We further constrained the reference defect size and size strength 

sensitivity, such that the defect strength, ′ α = β , was 0.67 for an SFT size of 2.5 nm.  

This value, although much higher than typically estimated from dispersed barrier 

hardening model correlations, was calculated from the critical bowing angle obtained 

from the MD simulations of Wirth et al. (2002). 

 The material model is intended to be employed at quasi-static strain rates and 

under isothermal conditions for FCC metals whose strength is derived from dislocation 

and irradiation damage interactions only.  The model could be augmented to include 

other material strengthening mechanisms that work in parallel with the two mechanisms 

specifically included here, but including the other mechanisms at this point could obscure 

the influence of the irradiation-induced defects on the mechanical response of the system.  

As it stands, the model introduces a total of ten material-specific constants that need to be 

specified, and five internal state variables.  Eight of the constants are used to obtain the 

general stress-strain behavior of the unirradiated metal, and two of them are used to 

specify the changes in the plastic behavior of the metal after irradiation. 

 

3. Model Behavior and Simulation Results 

 



The behavior of the model will be compared to the experimental observations of 

Singh et al. (2001) on OFHC copper.  The material parameters of the constitutive model 

are determined from the unirradiated stress-strain behavior shown by Singh et al. (2001) 

and from previous studies conducted on this material.  The irradiation damage-dependent 

material constants will be approximated from the initial yield strength of the irradiated 

stress-strain response.  The values of the material specific constants used to approximate 

the behavior of irradiated OFHC copper are provided in Table 1. 

 

[Insert Table 1 about here] 

 

Two series of simple tension simulations were conducted.  Single material point 

simulations were performed to show the non-linearity in the material behavior without 

introducing geometric inhomogeneities.  Subsequently, a series of full, three dimensional 

finite element simulations was performed for the sample geometry reported by Singh et 

al., to reveal the overall mechanical behavior observed in tension experiments.  In both 

series of simulations, the initial density of irradiation-induced defects, sftN , was varied 

while all other internal state variables were kept constant; revealing the effects of 

radiation damage on the macroscopic behavior.  The simulations were conducted at a 

simulated total strain rate of 4103 −×=ε&  s-1 for five different initial irradiation-induced 

defect densities. 

 The stress-strain results of a single material point are shown in Figure 2 for five 

different initial irradiation-induced defect densities, varying from 4x1020 to 4x1023 m-3, 

and a common initial SFT size of 2.5 nm.  The general behavior of the constitutive model 



shows that as sftN  increases the initial yield point increases and the initial strain 

hardening decreases.  In fact, at the highest irradiation-induced defect density simulated 

in this work, the constitutive model strain softens after an initial upper yield point is 

reached.  At larger strains, the constitutive model strain hardens again, and the hardening 

slope is similar to the strain hardening of the unirradiated material behavior.  Also at 

larger strains, the strength of the irradiated material remains larger than that of the 

unirradiated material at the same level of total strain. 

 

 [Insert Figure 2 about here] 

 

 The material strain hardening/softening characteristics of the model can be 

analyzed through a closed form expression.  If the material is assumed to behave 

homogeneously, then the effective plastic strain rate remains roughly constant after the 

material has begun to plastically deform.  Analysis of that condition yields the following 

expression for the material point strain hardening/softening characteristics: 
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The unirradiated material is guaranteed to strain harden if the strain rate sensitivity is less 

than 0.5.  In this work, a strain rate sensitivity of =m 31078.5 −×  was used.  Thus, within 

this model, irradiated material can exhibit strain softening as a result of two possible 

mechanisms.  The first softening mechanism is accomplished through an avalanche of the 



mobile density, and the second is accomplished through a reduction in the resistance of 

the irradiation-induced density field. 

 As the irradiation-induced defect density increases, the majority of the material 

strength is derived from forest interactions between the gliding dislocation density and 

the irradiation-induced defects.  As the dislocation density increases, both the mobile 

density and forest dislocation density increase.  For highly irradiated materials, the 

evolving forest dislocation density doesn�t reduce the dislocation mobility significantly; 

however, the multiplication of the mobile dislocations enables each gliding dislocation to 

move across an increasing smaller area per unit time and encounter fewer forest 

obstacles.  The stress required to move the dislocations at these lower velocities may 

increase or decrease depending on the strain rate sensitivity of the material and the 

influence of the dislocation forest on the overall flow strength.  The strain hardening 

decreases monotonically with increasing irradiation-induced defect density, and above a 

critical value of  
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the constitutive model predicts strain softening by this mechanism.  At larger strains, the 

dislocation density increases such that sftN  is below the critical value, and hardening is 

observed.   

 The second softening mechanism is strongly dependent on the strength sensitivity, 

n , to the irradiation-induced defect size.  Since the current model assumes that the 



irradiation-induced defects are not absorbed and eliminated by the gliding dislocations, 

but are only cut by the gliding density, the change in the resistance of the irradiation-

induced defect field depends strongly on the pinning strength of the defects as a function 

of their size.  The defect cutting increases the density of the defects while decreasing their 

size.  For 2≤n , the overall effect of obstacle cutting will be to increase the total 

resistance due to the irradiation-induced defect field.  A value of 3=n  was used in these 

simulations; therefore, the evolution of the irradiation-induced defect density acts to 

further decrease the strain hardening of the constitutive model for an increase in sftN .  

The softening contributed by this mechanism acts at every sftN  level, and it reduces the 

critical value of sftN  at which the over all stress-strain behavior exhibits strain softening 

and increases the strain level at which strain hardening is recovered.  The modeling 

assumption that the irradiation-induced defects are not absorbed by the gliding 

dislocation lines ensures that the irradiated material strength will be greater than the 

unirradiated material strength at large strains.  It is this softening mechanism that relates 

most closely to the formation of defect-free channels whereby the local dislocation 

activity has modified the irradiation-induced defect microstructure to reduce the material 

resistance to further dislocation activity. 

 Along with these two material softening mechanisms included in the constitutive 

model, tensile specimen geometries also lead to geometric softening in the engineering 

stress-engineering strain behavior from the reduction in cross-sectional area with 

deformation.  The constitutive model was incorporated into a finite element program, and 

the full tension 3-D specimen geometry detailed by Singh et al. (2001) was meshed using 



16000 bi-linear hexahedral elements with reduced integration.  The stress-strain results of 

the simulations are shown in Figure 3. 

 

 [Insert Figure 3 about here] 

 

 The finite element simulation results of the uniaxial stress-strain response 

presented in Figure 3 clearly capture the experimental behavior summarized in Figure 1.  

With increasing SFT density, the yield stress increases, the nominal strain at the ultimate 

tensile strength decreases, an initial yield point forms above a critical SFT density of 

about 2x1023 m-3 and, for all but the lower defect densities after UTS, the stress at a given 

strain level is higher in the irradiated than the corresponding un-irradiated material.  The 

quantitative agreement with the polycrystalline Cu (Fig 1b.) results of Singh et al. (2001) 

is quite remarkable.  Although, the strain to failure is slightly different, this discrepancy 

could easily be explained by differences in the placement of extensometers on the gauge 

length of the specimen and non-uniformity of the deformation after UTS.  In our finite 

element simulations, we have defined the strain based on the entire gauge length.  

Notably, Singh et al. (2001) report an SFT density of 2.4x1023 m-3 at 0.01 dpa, a density 

of 4.4±0.1x1023 m-3 at doses higher than 0.1 dpa and a mean SFT size of 2.4 nm, which 

does not change with increasing dose.  The model results at the two highest radiation 

defect densities of 2x1023 and 4x1023 m-3 nicely replicate the measured behavior at 0.01 

dpa and the average stress-strain response for doses of 0.1 � 0.3 dpa, respectively.   

 

4. Discussion 



 

 This model has been developed within an information passing multi-scale 

modeling materials framework, in which the final coarse-grained model is informed by 

finer length scale models.  The objective of such models is to capture the dominant 

physical mechanisms within each length scale and pass this information to the higher 

length scale model until an appropriate level of coarse-graining is able to predict the 

macroscopic mechanical property observables with physical fidelity.  In this work, we 

have utilized MD simulations to provide insight into dislocation � radiation defect 

interactions.  We have utilized a continuum polycrystal plasticity model, informed by the 

MD simulations and TEM observations, to describe the single material point constitutive 

behavior with coarse-grained dislocation density and irradiation-defect density evolution 

equations; and we have utilized finite element method simulations, employing the single 

point constitutive model, to simulate the uniaxial tension stress-strain behavior of 

irradiated Cu.   

The MD simulations (Wirth et al. 2002) revealed dislocation shearing of stacking 

fault tetrahedra and led to the derivation of the radiation defect evolution equations (13-

14).  Further, the critical bowing angle and corresponding ′ α  value obtained from the 

MD simulations were used to constrain the defect strength contribution given by equation 

16, along with the TEM observation of initial irradiation-produced SFT size of 2.5 nm.  It 

is important to note that the critical bowing angle obtained from MD simulations, which 

are necessarily performed at high strain rates, certainly represents an upper bound of the 

hardness coefficient, ′ α .  Indeed, for an SFT size of 2.5 nm, the parameters listed in 

Table 1 result in an ′ α = β = 0.67 .  While this value is higher than estimated from most 



experimental studies (Kojima et al. 1991), the β  parameter represents an average over all 

possible obstacles (Frank and perfect loops, partially dissociated SFT and smaller defects 

which are not visible in TEM examinations) that are represented in this model by a single 

radiation defect density,  sftN .  In fact, our MD simulations (Wirth et al 2002) have 

revealed that dislocation interactions with partially truncated SFT (alternately labeled as 

overlapping, truncated SFT, Wirth et al 2000) result in defect absorption by the moving 

dislocation.  However, in this case, absorption results in the formation of a closely spaced 

super-jog pair, which subsequently acts as an Orowan obstacle, and therefore exhibit an 

increased ′ α , that is completely pinched off, leaving a perfect, prismatic dislocation loop 

in its place.  Thus, the chosen value of ′ α  represents an average over all possible 

radiation defects and interaction mechanisms. 

Rodney and co-workers (2001) have also recently developed a dislocation 

evolution model, based on observations from MD simulations to describe the post-yield 

stress strain behavior of irradiated metals.  Their model is based on MD simulations of 

edge dislocation � self-interstitial cluster interactions in Ni, where they observed cluster 

incorporation into dislocation super-jogs (Rodney et al. 2001).  In those simulations, 

subsequent dislocation bowing and re-emission of the super-jogs as a perfect loop was 

not observed.  And thus, the constitutive model developed by Rodney and co-workers 

(2001) assumes that mobile dislocations absorb all radiation defects.  This model does 

show the formation of a distinct yield point in their single material point (constitutive 

model) stress-strain behavior, which qualitatively reproduces some of the experimental 

observations.  However, the defect annihilation mechanism with complete defect 

destruction results in a single material point constitutive model where the irradiated 



stress-strain curve rapidly softens following the yield point and returns to the unirradiated 

curve, with exactly the same work hardening behavior.  As discussed previously, neither 

the magnitude of the initial yield drop nor the stress offset in irradiated materials at a 

fixed strain, experimentally summarized in Figure 1 (Rowcliffe et al. 1998, Victoria et al. 

2000, Singh et al. 2001), support this model of complete defect absorption. 

 The model presented in equations 2 through 18 and Figures 2 and 3 does not 

contain an implicit length scale, and, further subsumes both the mobile and immobile 

dislocation density into a single effective dislocation density.  The description of the 

dislocation density could be made more complex to allow for differentiation between an 

immobile forest dislocation density and a mobile density responsible for the plastic 

deformation; however, such a distinction would significantly complicate the material 

model without substantially modifying the stress-strain response.  The lack of a length 

scale neither explicitly includes, nor discounts the formation of defect-free dislocation 

channels.  Implementation of the single material point constitutive law into a large 

geometry change finite element simulation does reproduce the macroscopic localization 

and necking phenomena observed during uniaxial tensile tests.   

Defect-free dislocation channel formation and localized material deformation is 

clearly ubiquitous in irradiated metals (Greenfield and Wilsdorf 1961, Brimhall and 

Mastel 1966, Sharp 1967, Sharp 1974, Howe 1974, Johnson and Hirsch 1980, Victoria et 

al 2000, Singh et al 2001, Zinkle 2002, private communication) and certainly has 

important consequences to material deformation and fracture.  However, the implication 

of this model is that the microscopic mechanisms and length scales governing the 

formation of defect free dislocation channels may not be needed to predict the 



macroscopic stress-strain behavior.  As just mentioned, this model does not explicitly 

include defect free dislocation channel formation, yet is able to quantitatively reproduce 

the measured uniaxial stress-strain mechanical behavior.  The strain hardening/softening 

characteristics of the model result from the combination of two mechanisms.  The first 

softening mechanism is an avalanche of the mobile density, as in the model of Hahn for 

yield point phenomena of bcc metals (Hahn 1962), and the second is a reduction in the 

resistance of the irradiation-induced defect density field.  The modeling assumption that 

the irradiation-induced defects are not absorbed by the gliding dislocation lines ensures 

that the irradiated material strength will be greater than the unirradiated material strength 

at large strains.  It is this second softening mechanism that relates most closely to the 

formation of defect free channels whereby the local dislocation activity has modified the 

irradiation-induced defect microstructure to reduce the material resistance to further 

dislocation activity.   

Thus, it is tempting to conclude that dislocation channels may not directly 

correlate to the observed yield drops.  Indeed, such channels are observed in materials 

whether or not distinct yield point drops are measured (Victoria et al. 2000, Zinkle, 

private communication 2002), as well as throughout the stress-strain curve, including 

tests interrupted prior to yielding and those that exhibit a yield drop and a subsequent 

return to work hardening (Victoria et al. 2000).  The plastic deformation of irradiated 

materials is undoubtedly occurring in material regions that show the apparent clearing of 

defects, which is evidence of the inhomogeneity of plastic deformation at nanometer 

length scales, and the defect clearing (through dislocation shearing/cutting interactions, as 

well as possibly from defect absorption and re-emission events) provides a tangible 



picture of the inhomogeneity.  However, it is important to note that the plastic 

deformation of unirradiated materials is an inhomogeneous process at the nanometer 

length scale as well, but there are no defects to delineate the deformed from the 

undeformed regions as in the irradiated material.  In fact, comparisons of the surface slip 

step profiles of both irradiated and unirradiated copper single crystals suggests that the 

heterogeneity of the plastic deformation does not substantially change with irradiation at 

high strains (Greenfield and Wilsdorf 1961).  Unraveling the role of defect free channels  

on the observed uniaxial stress-strain behavior, as well as quantifying the degree of 

heterogeneity of dislocation channel deformation relative to unirradiated materials will 

likely require a detailed study of surface slip step evolution, in-situ deformation studies 

and post-mortem characterization of carefully controlled interrupted uniaxial tension 

tests, in addition to a wide range of multi-scale materials simulation techniques. 

Homogeneous isotropic constitutive models are well accepted for simulating the 

macroscopic stress-strain constitutive behavior of polycrystalline metals (Arsenlis and 

Parks 2002, Hahn 1962, Kocks 2001), even though they deform in a non-homogenous 

fashion.  Thus, it is natural to apply such models to irradiated metals, with an extension to 

include the radiation-produced defect obstacle interactions, as presented in this work.  In 

this work, we have varied the radiation defect density from 4x1020 to 4x1023 m-3 with an 

initial SFT size of 2.5 nm, based on experimental observations (Zinkle and Singh 2000) 

and compared the model results with experimental uniaxial stress-strain data (Singh et al. 

2001) to demonstrate the fidelity of the multiscale modeling approach.  In principle, the 

constitutive model in this work can be combined with a model for the radiation defect 

evolution (defect type, size and number density) as a function of irradiation and material 



variables to obtain a truly predictive model for the mechanical behavior changes of 

irradiated materials. 

Further, this constitutive model framework is general and can be applied to both 

more complicated fcc metals and alloys, such as austenitic stainless steels, as well as bcc 

alloys.  The implementation of a bcc model will be the focus of future modeling efforts 

and will require a temperature dependent dislocation velocity law to account for the 

inherent lattice resistance and the material�s response to strain localization and the 

formation of adiabatic shear bands. 

 

 

5. Conclusions 

 

An internal state variable-based isotropic plasticity model for the uniaxial stress-

strain constitutive behavior of irradiated materials has been presented.  This model has 

been developed within an information passing multi-scale modeling materials framework, 

in which the final coarse-grained continuum model is informed by MD simulations of 

dislocation � stacking fault tetrahedra interactions.  The plasticity model includes 

mechanisms for dislocation density growth and multiplication and for irradiation-induced 

defect density evolution with dislocation interaction.   

The dislocation density evolution model is based on crystal plasticity models that 

have been used to capture the behavior of unirradiated fcc crystals and represents the 

complex and evolving dislocation structure through a scalar dislocation density measure, 

dρ , with units of length per unit volume and an average dislocation line segment length, 



dl .  The scalar dislocation density, which includes both the mobile density and immobile 

forest dislocation density, and its average line length evolve according to scaling laws 

based on more refined evolution equations developed for single crystals.  Orowan�s 

relation is used to relate the net glide of dislocation densities across different slip planes 

to the tensorial plastic flow rate. 

The dislocation density evolution model has been augmented to account for 

radiation produced defects based on the Dispersed Barrier Hardening concepts, also 

incorporating information obtained from MD simulations.  The MD simulations revealed 

dislocation shearing of SFT, without defect absorption, and led to the derivation of 

equations describing the evolution of the radiation defect population during deformation.  

Further, the MD results were used to constrain the strength contribution of these defects, 

whose size and number density in the model were representative of experimental TEM 

observations of SFT size and number density.  A constitutive function for the average 

velocity of the dislocation density completed the model.  In this work, we have specified 

the velocity relationship as a power law, whereby the dislocation density forest resistance 

and the irradiation-induced defect resistance act as pinning obstacles that must be cut by 

gliding dislocations.   

The general behavior of the constitutive (single material point) model shows that 

as the defect density increases, the initial yield point increases and the initial strain 

hardening decreases.  Implementation of the final coarse-grained constitutive model into 

a finite element framework was used to simulate the behavior of tensile specimens with 

varying levels of irradiation induced material damage.  The simulation results compare 

favorably with the experimentally observed mechanical behavior of irradiated materials 



in terms of predicting increased strength, decreased hardening, and decreased ductility 

with increasing irradiation dose. 

The description of the dislocation density state could be made more complex to 

allow for differentiation between an immobile forest dislocation density and a mobile 

density responsible for the plastic deformation; however, such a distinction would 

significantly complicate the material model without substantially affecting the general 

stress-strain response that it produces.  Future modeling efforts will focus on coupling the 

constitutive model to a microstructure evolution model to predict the mechanical property 

changes as a function of irradiation variables and, the development of a model for 

irradiated bcc alloys, which will require a temperature dependent dislocation velocity law 

to account for the inherent lattice resistance and the material�s response to strain 

localization and the formation of adiabatic shear bands. 
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Table 1.  Material specific constants and initial conditions for the internal state variables 

used to model the plastic behavior of irradiated polycrystalline OFHC copper in uniaxial 

tension. 

 

Elastic Constants =µ 48.5 GPa 

 =ν 0.300 

Burgers Vector =b 0.25 nm 

Dislocation Mobility =ov 6104 −×  1s/m −  

 =m 31078.5 −×  

 =α 0.090 

Dislocation Evolution =δ 3108 −×  

 =cR b5.8  

Irradiation Defect Strength =refd 3 nm 

 =n 3.0 

Initial Internal State =eF 2I  

Variable Conditions =dρ 13105×  -2m  

 =dl 1 µ m 

 =sftd 2.5 nm 

 



Figure 1.  Summary of measured uniaxial stress-strain behavior of irradiated metals, a) 

single crystal copper (Victoria et al. 2000), b) polycrystalline copper (Singh et al. 2001) 

and c) austentitic stainless steels (Rowcliff et al. 1998). 



Figure 2.  Simulated effective stress-effective strain behavior of a single material point of 

an irradiated OFHC copper polycrystal with varying densities of irradiation-induced 

defects. 

 

 



Figure 3.  Simulated engineering stress-engineering strain behavior of an irradiated 

OFHC copper polycrystal with a tensile specimen geometry described by Singh et al.  

(2001)  

 

 

  

  




